The relative influence of muscle metabo-and baroreflex activity on heat loss responses during post-isometric handgrip (IHG) exercise ischemia remains unknown, particularly under heat stress. Therefore, we examined the separate and integrated influences of metabo-and baroreceptormediated reflex activity on sweat rate and cutaneous vascular conductance (CVC) under increasing levels of hyperthermia. Twelve men performed 1 min of IHG exercise at 60% of maximal voluntary contraction followed by 2 min of ischemia with simultaneous application of lower body positive pressure (LBPP, ϩ40 mmHg), lower body negative pressure (LBNP, Ϫ20 mmHg), or no pressure (control) under no heat stress. On separate days, trials were repeated under heat stress conditions of 0.6°C (moderate heat stress) and 1.4°C (high heat stress) increase in esophageal temperature. For all conditions, mean arterial pressure was greater with LBPP and lower with LBNP than control during ischemia (all P Յ 0.05). No differences in sweat rate were observed between pressure conditions, regardless of the level of hyperthermia (P Ͼ 0.05). Under moderate heat stress, no differences in CVC were observed between pressure conditions. However, under high heat stress, LBNP significantly reduced CVC by 21 Ϯ 4% (P Յ 0.05) and LBPP significantly elevated CVC by 14 Ϯ 5% (P Յ 0.05) relative to control. These results show that sweating during post-IHG exercise ischemia is activated by metaboreflex stimulation, and not by baroreflexes. In contrast, our results suggest that baroreflexes can influence the metaboreflex modulation of CVC, but only at greater levels of hyperthermia. heat stress; thermoregulation; isometric handgrip exercise; postexercise ischemia EXTENSIVE STUDIES HAVE SHOWN that mechano-and baroreceptors (cardiopulmonary and arterial) modulate the heat loss responses of cutaneous vasodilation and sweating during passive heating, exercise, and postexercise recovery, while central command can influence sweating and cutaneous vasodilation during exercise (12, 13, 23, 24, 31, 34) . In contrast, information regarding the influence of metaboreceptors on thermoeffector activity during and following exercise remains limited, largely because of the difficulties associated with isolating the muscle metaboreflex.
EXTENSIVE STUDIES HAVE SHOWN that mechano-and baroreceptors (cardiopulmonary and arterial) modulate the heat loss responses of cutaneous vasodilation and sweating during passive heating, exercise, and postexercise recovery, while central command can influence sweating and cutaneous vasodilation during exercise (12, 13, 23, 24, 31, 34) . In contrast, information regarding the influence of metaboreceptors on thermoeffector activity during and following exercise remains limited, largely because of the difficulties associated with isolating the muscle metaboreflex.
Much of our understanding of the influence of metaboreceptor activity on heat loss responses has been limited to findings obtained using an isometric handgrip (IHG) exercise model (18, 20, 30) . After an IHG exercise bout at a given percentage of maximal voluntary contraction (MVC), a 2-min period of ischemia is induced by occlusion of all limb blood flow to the exercising arm, which is thought to trigger group III and IV chemosensitive afferents (26) . The activation of the metaboreflex results in an enhanced sweating response (18) while attenuating cutaneous vascular conductance (3) .
A potential caveat to these findings, however, is the fact that activation of the metaboreflex also results in a reflex increase in arterial blood pressure (26) , thereby inducing a concomitant change in baroreflex activity. Previous research has established that changes in baroreflex activity alone, induced by postural (e.g., head-down tilt) or mechanical [lower body positive pressure (LBPP)/lower body negative pressure (LBNP)] challenges, can influence skin blood flow (SkBF) (14, 15, 21, 37) and sweating (11, 14, 16, 22) . It is plausible, therefore, that the measured reduction of cutaneous vascular conductance and concomitant increases in sweating during the post-IHG exercise period of ischemia may be influenced not only by metaboreflex activity, but also by baroreflex activity or a combination of both reflexes.
To our knowledge, only one study has differentiated between metabo-and baroreflex activity on sweat rate during the post-IHG exercise period of ischemia. Shibasaki et al. (30) determined that pharmacologically (by administration of sodium nitroprusside) induced changes in blood pressure did not modify the reflex elevations in sweating during the period of ischemia. Although they eliminated the possible influence of arterial baroreceptors on sweat rate during the period of ischemia, whether cardiopulmonary baroreceptors could influence this response remains unknown. Furthermore, SkBF was not measured during this study; as such, there remains a critical gap in our understanding of the role of baroreflex activity on SkBF during post-IHG exercise ischemia. Finally, a number of studies suggest that the relative influence of nonthermal factors in modulating thermoefferent activity can change as a function of the level of hyperthermia (7, 16, 17) . For example, Kondo et al. (17) demonstrated that the contribution of nonthermal activity (central command, metaboreceptors, and mechanoreceptors) to modulation of sweating during IHG exercise became reduced with moderate levels of heat stress [ϳ0.3°C esophageal temperature (T es ) increase]. It is possible therefore that the metaboreflex modulation of sweat rate during postexercise ischemia may be attenuated under high levels of heat stress. However, no study has examined whether an elevated level of hyperthermia (Ͼ0.8°C) during post-IHG exercise ischemia can influence metaboreflex modulation of sweating and cutaneous vascular conductance.
Therefore, the purpose of this study was twofold. 1) We examined the interaction of metabo-and baroreflex activity on sweating and cutaneous vascular conductance during post-IHG exercise ischemia. 2) We examined this relationship under increasing levels of heat stress. To isolate the influence of metabo-and baroreflex activity, the subjects were exposed to ischemia while baroreflex activity was manipulated with application of LBNP (Ϫ20 mmHg), LBPP (ϩ40 mmHg), or no pressure (control). It was hypothesized that cardiopulmonary and arterial baroreceptor unloading would attenuate the metaboreflex-mediated increase in sweating and exacerbate the reduction in cutaneous vascular conductance during heat stress. In contrast, it was hypothesized that cardiopulmonary and arterial baroreceptor loading would increase the metaboreflexmediated increase in sweating and attenuate the decrease in cutaneous vascular conductance during whole body heating. Finally, we hypothesized that the influence of metabo-and baroreflex activity on sweating and cutaneous vascular conductance would diminish as core temperature increased.
METHODS
Ethical approval. The experimental protocol was approved by the University of Ottawa Health Sciences and Science Research Ethics Board, in accordance with the Declaration of Helsinki. Written informed consent was obtained from all volunteers prior to their participation in the study.
Participants. Twelve healthy (nonsmoking and normotensive individuals with no history of respiratory, metabolic, or cardiovascular disease) and physically active (exercise 3-5 times/wk for Ն30 min) men volunteered for the study. Age, height, and body weight of the subjects were as follows (mean Ϯ SD): 24 Ϯ 7 yr, 180 Ϯ 6 cm, and 79 Ϯ 10 kg.
Experimental design. Subjects were instructed to abstain from caffeine, alcohol, and strenuous physical activity for 24 h prior to each experimental test session. Subjects were asked to arrive at the laboratory after eating a light meal. For each subject, trials were performed at the same time of day to avoid circadian variations in core temperature. All trials were separated by Ն24 h.
For all sessions, subjects were asked to wear socks and shorts. Subjects entered an environmental chamber maintained at 24°C and 20% relative humidity, and monitoring instruments were attached. During the instrumentation phase, each subject performed two brief MVCs with the right hand using a handgrip dynamometer. The highest value obtained was used to calculate the relative workload (60% MVC) to be performed during the experimental conditions. After the instrumentation phase, subjects were inserted, up to the hips, in a pressure box. A custom-made neoprene skirt ensured an air-tight seal at the level of the iliac crest, while the subjects remained in an upright seated posture. The pressure box was custom-designed to examine the application of positive and negative pressure to the lower body segments of the upright subject. Baseline data were recorded for 5 min at rest. The subject then performed 60 s of IHG exercise at 60% MVC. A visual feedback system was used to ensure that the subject maintained the desired force throughout the exercise period. At 5 s before the end of the exercise bout, a cuff around the upper arm performing the contraction was inflated to a supersystolic pressure (Ͼ240 mmHg) for 120 s, creating complete occlusion of forearm blood flow. During the period of ischemia, cardiopulmonary and arterial baroreceptors were unaltered with application of no pressure, loaded with application of LBPP (ϩ40 mmHg), or unloaded with application of LBNP (Ϫ20 mmHg). After the period of ischemia, the cuff was deflated, and postexercise recovery data were collected for another 120 s. Trials were completed in random order, and a 20-min recovery period between conditions was allowed to minimize muscular fatigue.
On separate days, the experimental protocol was repeated under different levels of thermal stress: 1) no heat stress (NHS), 2) moderate heat stress (MHS), equal to a T es increase of 0.6°C, and 3) high heat stress (HHS), equal to a T es increase of 1.4°C. For the heat stress trials, subjects were dressed in a high-density water-perfusion suit and 48°C water was perfused. The suit covered the entire body surface, except the face and left forearm, where the laser-Doppler probe and sweat capsule were located. When the desired core temperature increase was reached, water bath temperature was reduced to 42°C to maintain a steady-state body core temperature. Once a steady-state temperature was achieved, baseline resting data were collected. During the heat stress conditions, room temperature was increased to 37°C after the instrumentation phase. The water-perfusion suit was not worn during the NHS session.
Measurements. T es was monitored continuously using a pediatric T es probe (Mon-a-therm, Mallinckrodt Medical, St. Louis, MO) inserted through the nose to a depth of 40 cm past the entrance of the nostril. Local skin temperature (T sk) was measured at nine sites on the body (forehead, upper back, lower back, chest, abdomen, bicep, quadriceps, hamstring, and back calf) to subsequently calculate mean T sk according to the proportions determined by Hardy and Dubois (10) . Tes and Tsk data were collected using a data acquisition module (model 3497A, HP Agilent) at a sampling rate of 15 s and simultaneously displayed and recorded in spreadsheet format on a personal computer with LabVIEW software (version 7.0, National Instruments).
A 3.8-cm 2 ventilated capsule attached to the skin with adhesive rings and topical skin glue (Collodion HV, Mavidon Medical Products, Lake Worth, FL) was used to measure forearm sweat rate continuously on the left midanterior forearm. Anhydrous compressed air was passed through the capsule over the skin surface at a rate of ϳ1.0 l/min. Water content of the effluent air was measured using a high-precision dew point mirror (model 473, RH Systems, Albuquerque, NM). Sweat rate was calculated using the difference in water content between effluent and influent air and the flow rate. This value was normalized for the skin surface area under the capsule and expressed in mg·min Ϫ1 ·cm Ϫ2 . Forearm SkBF was estimated using laser-Doppler velocimetry (PeriFlux System 5000, Perimed, Stockholm, Sweden) on the left midanterior forearm. Prior to the start of the experimental trial, the laser-Doppler flow probe (PR 401 angled probe, Perimed) was affixed with an adhesive ring to the forearm at a site without superficial veins that demonstrated pulsatile activity. The probe was not moved until the end of the experimental trial. A maximum SkBF test was performed at the end of each experimental session by local heating of the SkBF site to 42°C for 20 min followed by an increase in local temperature to 44°C for an additional 25 min (2). Cutaneous vascular conductance was calculated as laser-Doppler velocimetry output in arbitrary perfusion units divided by mean arterial pressure and expressed as percentage of maximum.
During the entire experimental trial, a Finometer (Finapres Medical Systems, Amsterdam, The Netherlands) was used to measure mean arterial pressure from the beat-to-beat recording of the right middle finger arterial pressure waveform with the volume-clamp method (25) and physiocal criteria (36) . Prior to the start of each measurement period, brachial artery pressure reconstruction (8, 9) was calibrated with an upper arm return-to-flow systolic pressure detection (1) . Furthermore, the right arm was supported at heart level, and a level calibration was performed.
Heart rate was monitored using a Polar coded transmitter, recorded continuously, and stored with a Polar Advantage interface and Polar Precision Performance software (Polar Electro, Oy, Finland).
Statistical analysis. All dependent variables were averaged over the following time periods for each pressure condition: a 15-s preexercise period (baseline), the final 15 s of IHG exercise (end exercise), the final 15 s of postexercise ischemia (occlusion), and the final 15 s of recovery from postexercise ischemia (recovery). A two-way analysis of variance was performed to compare the dependent variables at each time point (rest, end exercise, occlusion, and recovery) between the three different pressure conditions (control, LBNP, and LBPP). This analysis was repeated for each level of heat stress. Significance was set at P Յ 0.05. Post hoc comparisons were carried out using paired-samples t-tests. All analyses were performed using the statistical software package SPSS 18.0 for Windows (SPSS, Chicago, IL). Values are means Ϯ SE, unless otherwise indicated.
RESULTS
Hemodynamic responses. Figure 1 shows mean arterial pressure and heart rate responses for each of the three pressure conditions at each level of hyperthermia. Baseline resting values were similar across all pressure conditions for each level of heat stress.
Under NHS, IHG exercise resulted in a similar increase in mean arterial pressure relative to baseline for all pressure conditions (Table 1) . During postexercise ischemia, mean arterial pressure remained elevated above baseline rest for all pressure conditions (P Յ 0.05). However, a greater elevation was observed with LBPP than control (P Յ 0.001), whereas mean arterial pressure was lower with LBNP than control (P Յ 0.001). During recovery from postexercise ischemia, mean arterial pressure returned to baseline resting levels for all pressure conditions (P Ͼ 0.05), and no differences between conditions were observed (P Ͼ 0.05). A similar pattern of response was observed under MHS and HHS, except, under HHS, application of LBNP returned mean arterial pressure to baseline resting levels (P ϭ 0.376; Table 1 , Fig. 1 ).
Under NHS, IHG exercise increased heart rate significantly above baseline rest to similar levels between pressure conditions (Table 1, Fig. 1 ). During postexercise ischemia, heart rate returned to baseline rest in control (P ϭ 0.701), whereas it decreased to levels below baseline rest with LBPP (P ϭ 0.001). In contrast, with LBNP, heart rate remained significantly elevated above baseline rest (P ϭ 0.047). As such, heart rate was significantly lower with LBPP (P ϭ 0.002) and significantly greater with LBNP (P ϭ 0.006) than control. After postexercise ischemia, heart rate returned to baseline rest for all pressure conditions (P Ͼ 0.05). A similar pattern of response was observed under MHS and HHS (Table 2, Fig. 1 ). Sweat rate and cutaneous vascular conductance. Figure 2 depicts sweat rate and cutaneous vascular conductance for all pressure conditions at each level of heat stress. Baseline resting responses for each of the three levels of heat stress were similar across all pressure conditions.
No differences across time (P ϭ 0.087) and between pressure conditions (P ϭ 0.286) were observed in sweat rate under NHS. Under MHS, sweat rate for all pressure conditions was significantly elevated (P Յ 0.05) above baseline during IHG exercise and the subsequent period of postexercise ischemia. The magnitude of the increase was similar for all pressure conditions (P Ͼ 0.05). During recovery, sweat rate returned to baseline levels (P Ͼ 0.05). A similar pattern of response was observed under HHS.
No differences across time (P ϭ 0.420) and between pressure conditions (P ϭ 0.088) were observed in cutaneous vascular conductance under NHS. Under MHS, a significant reduction in cutaneous vascular conductance below baseline was observed during IHG exercise (P Յ 0.05), and the magnitude of the reduction was similar between pressure conditions (P Ͼ 0.05). Cutaneous vascular conductance remained significantly reduced below baseline during postexercise ischemia during control and with LBNP (P Յ 0.05), whereas it 
Control 0.00 Ϯ 0.00 0.00 Ϯ 0.00 0.00 Ϯ 0.00 LBPP 0.00 Ϯ 0.00 0.00 Ϯ 0.00 0.00 Ϯ 0.00 LBNP 0.00 Ϯ 0.00 0.00 Ϯ 0.00 0.00 Ϯ 0.00 returned to baseline levels with LBPP (P ϭ 0.334). However, cutaneous vascular conductance did not differ between pressure conditions (P Ͼ 0.05). During the recovery period, cutaneous vascular conductance gradually returned toward baseline values but remained reduced with LBNP (P ϭ 0.015), while it returned to resting levels during control and with LBPP (P Ͼ 0.05).
Under HHS, a reduction in cutaneous vascular conductance below baseline values was observed during IHG exercise for all pressure conditions (P Յ 0.05), and the magnitude of reduction was similar between pressure conditions (P Ͼ 0.05). During postexercise ischemia, cutaneous vascular conductance remained attenuated during control and with LBNP (P Յ 0.05), albeit the magnitude of reduction was greater with LBNP than control (P ϭ 0.039). In contrast, cutaneous vascular conductance increased to levels significantly above baseline with LBPP (P ϭ 0.034), being significantly different from control (P ϭ 0.011). Cutaneous vascular conductance gradually returned toward baseline following application of lower body pressure but remained significantly reduced with LBNP (P ϭ 0.007), whereas it returned to baseline resting with LBPP and during control (P Ͼ 0.05).
DISCUSSION
This is the first study to examine the role of cardiopulmonary and arterial baroreflex activity in the metaboreflex modulation of heat loss responses under a steady-state condition of increasing levels of heat stress. A key finding of this study is that, contrary to our hypothesis, baroreflex activity did not influence sweat rate during activation of the metaboreflex under MHS and HHS. In contrast, we show that baroreflex activity can modulate the metaboreflex-induced reductions in cutaneous vascular conductance; however, this was evidenced only under HHS. These results suggest that changes in cutaneous vascular conductance during post-IHG exercise ischemia are modulated by metabo-and baroreceptors, while changes in sweat rate are solely mediated by the activation of muscle metaboreceptors. Furthermore, we show that metabo-and baroreflex activity can influence heat loss responses at elevated levels of heat stress.
As expected from previous studies (3, 30) , sweat rate and cutaneous vascular conductance did not change throughout the experimental protocol without heat stress, confirming that IHG exercise and postexercise ischemia do not influence heat loss responses under normothermic conditions. Previous studies show that, under moderate levels of heat stress (Ͻ0.8°C), sweat rate increases above baseline rest during IHG exercise (4, 19) and remains elevated during postexercise ischemia (3, 18, 30) . In contrast, cutaneous vascular conductance decreases during IHG exercise and remains reduced during the subsequent period of ischemia (3, 4) . Only when the occlusion is removed do both sweat rate and cutaneous vascular conductance return to baseline values. During IHG exercise, it is believed that the increase in sweat rate and reduction of cutaneous vascular conductance are attributed to the activation of metaboreceptors, mechanoreceptors, and central command (18, 32, 33, 35) , whereas metaboreceptors are solely responsible for the elevated sweat rate and reduction of cutaneous vascular conductance during ischemia (3, 18, 30) . However, the accumulation of muscle metabolites during ischemia triggers chemosensitive afferents, which induce a reflex rise in mean arterial pressure (26) . As such, postexercise ischemia activates not only the metaboreflex, but also the baroreflex, through changes in mean arterial pressure. Prior to the present study, the extent to which baroreflex activity modulated the previously observed alterations in sweat rate and cutaneous vascular conductance during postexercise ischemia and whether such interactions would be evidenced under HHS (Ͼ0.8°C) were unclear.
Shibasaki et al. (30) examined the influence of arterial baroreflex activity on sweat rate during activation of the metaboreflex by having subjects perform the IHG exercise paradigm under moderate levels of heat stress (ϳ0.5°C increase in sublingual temperature). During postexercise ischemia, arterial baroreflex activity was removed through a bolus injection of sodium nitroprusside (5) . Although the reflex increase in mean arterial pressure during ischemia was eliminated, sweat rate remained elevated, suggesting that arterial baroreflex activity did not influence the metaboreflex-induced increases in sweating during ischemia. Our results support the findings of Shibasaki et al. and extend them by showing that altering the influence of arterial and cardiopulmonary baroreceptors with application of LBNP/LBPP (6, (27) (28) (29) does not alter the metaboreflex modulation of sweat rate. As such, a role for baroreflex activity in modulating the elevations in sweat rate during ischemia can be ruled out.
Previous studies suggested that the contribution of nonthermal factors to modulation of heat loss responses is attenuated with progressive increases in hyperthermia (7, 16, 17) . Specifically, Kondo et al. (17) demonstrated that increases in sweat rate during IHG exercise became significantly attenuated with moderate increases in core temperature (ϳ0.3°C). These findings suggest that the contribution of central command, baroreceptors, mechanoreceptors, and metaboreceptors, all of which are activated during IHG exercise, is reduced as core temperature increases. Similarly, in the present study, increases in sweat rate during the IHG exercise period in the control condition under HHS were relatively less than those observed under MHS (ϩ0.04 vs. ϩ0.09 mg·min Ϫ1 ·cm Ϫ2 ), which supports the observations of Kondo et al. and extends them to high levels of thermal stress (ϳ1.4°C). In contrast, however, elevations in sweat rate during postexercise ischemia did not differ between MHS and HHS (ϩ0.04 and ϩ0.03 mg·min Ϫ1 ·cm Ϫ2 , respectively). These results suggest that the metaboreflex maintains the ability to modulate sweat rate as core temperature increases, but only when its influence is isolated from other nonthermal factors. Future studies are warranted to examine the functional importance of these diverging responses.
The present results also demonstrate that the metaboreflex attenuation of cutaneous vascular conductance is evidenced to a greater extent when the competing influence of baroreflex activity is removed (i.e., application of LBNP) under HHS (Ͼ0.8°C increase in core temperature). Additionally, when the cardiopulmonary and arterial baroreflexes were loaded to a greater extent with the application of LBPP, an increase in cutaneous vascular conductance was observed during ischemia, indicating that baroreflex activity can override the attenuation of cutaneous vascular conductance during the activation of muscle metaboreceptors. This is in contrast to MHS, during which the application of LBNP and LBPP during postexercise ischemia did not alter the cutaneous vascular conductance response, although it is clear that LBNP and LBPP created a diverging cutaneous vascular conductance response (Fig. 2) . These results suggest that the modulation of cutaneous vascular conductance by the metaboreflex may be of greater importance than previously evidenced (3) at low-to-moderate levels of heat stress (Ͻ0.8°C increase in core temperature).
Limitations. In the present study, a short-duration, but highintensity, IHG exercise model was employed. To our knowledge, previous studies typically used a longer-duration (2-3 min) and lower-intensity (30 -45%) IHG exercise paradigm (3, 4, 18, 19, 30) . Therefore, it is unknown if the same pattern of response would be observed at lower intensities and longer durations. Under MHS and HHS, we observed a reduction in mean T sk during ischemia and recovery with the application of LBNP and LBPP. As such, the reduction in cutaneous vascular conductance with application of LBNP may be attributed to air movement across the lower legs in the sealed pressure box. However, we observed an increase in cutaneous vascular conductance with similar reductions in mean T sk during the application of LBPP. Therefore, we do not believe that reductions in mean T sk influenced the cutaneous vascular conductance response.
Perspectives and Significance
We show that the concurrent application of LBNP or LBPP does not alter the sustained elevations in sweat rate typically associated with postexercise ischemia under MHS and HHS. These results confirm a muscle metaboreceptor modulation of sweat rate that is not influenced by cardiopulmonary and arterial baroreflex activity. In contrast, LBNP and LBPP altered the cutaneous vascular conductance response associated with postexercise ischemia, but only under HHS. As such, our results demonstrate that cardiopulmonary and arterial baroreflex activity influences the metaboreflex modulation of cutaneous vascular conductance, but not sweat rate, during heat stress.
